Regulation of formation of the biosynthetic enzymes for the branched-chain amino acids was recently reviewed (14) . The synthesis of these enzymes was shown to be under multivalent repression control by some form(s) of the end products (isoleucine, valine, and leucine). These amino acids, after some interaction involving their specific transfer ribonucleic acid (tRNA) synthetases, function as effectors in the repression control of isoleucine, valine, and leucine biosynthesis in Escherichia coli and Salmonella typhimurium (1, 2, 5) . By implication, therefore, charged isoleucine tRNA (tRNAIle), valine (tRNAVal), and leucine tRNA (tRNALeu) are likely candidates as corepressors for control of synthesis of the biosynthetic enzymes.
Synthesis of the aminoacyl-tRNA synthetases specific for isoleucine, valine, and leucine is also regulated by some form of these amino acids acting as corepressors (9) . The isoleucyland leucyl-tRNA synthetases are repressed by an excess of the respective cognate amino acid. However, valyl-tRNA synthetase formation was shown to be regulated by multivalent control involving both isoleucine and valine (9) . Thus, isoleucine, valine, and leucine are integrally involved in the control by repression of the enzymes that form them as well as the enzymes that transfer them to tRNA. For elucidation of control mechanisms operative in enzyme biosynthesis, the use of amino acid analogues to select regulatory mutants has proved to be a highly successful approach. Umbarger (14) has described the utility of the study of analogue-resistant mutants to reveal functional control mechanisms in branchedchain amino acid biosynthesis. We have recently utilized amino acid analogues to select regulatory mutants which simultaneously affect the synthesis of both the branched-chain amino acid biosynthetic enzymes and the cognate aminoacyl-tRNA synthetases. Therefore, we have examined the regulation of synthesis of both classes of enzymes in these regulatory mutants and compared the results, in all instances, to those obtained in the parental strain. We report in this paper the selection of one spontaneous mutant of E. coli strain CU2001 (a K-12 strain) that was resistant to ketamycin, and another that was resistant to a combination of trifluoroleucine and valine. Both mutants exhibit altered production of enzymes involved in the biosynthesis and aminoacylation of the branched-chain amino acids.
MATERIALS AND METHODS
Organisms. The organisms used in these studies are listed in Table 1 .
Mutant selection. A spontaneous mutant (strain ) was selected as a strain resistant to the isoleucine analogue, ketomycin, by a procedure described elsewhere (7). This mutant was chosen for study because of its excretion properties; namely, the ability to feed S. typhimurium strain leu447, to inhibit the growth of E. coli K-12, and to feed strain CU15 supplemented with isoleucine. Another mutant CU2601, with similar excretion characteristics, was selected for the simultaneous, spontaneous resistance to trifluoroleucine (10 mM) and valine (1 mM). The same procedure for mutant selection was used as described previously (7), with the exception that the trifluoroleucine-valine mixture was employed instead of ketomycin.
Media and methods of cultivation. The minimal medium used for studies of the biosynthetic enzymes was that of Davis and Mingioli (4) with the modification that citrate was omitted. Glucose was added at a concentration of 0.5%. When branched-chain amino acid supplements were employed, L-isoleucine (0.4 mM), L-valine (1.2 mM), and L-leucine (0.4 mM) were used as indicated below. Cultivation techniques were as previously described (13) .
The minimal medium employed for studies of the aminoacyl-tRNA synthetases was the basal salts solution of Fraenkel and Neidhardt (6) supplemented with 0.4% glucose and 0.2% ammonium sulfate as carbon and nitrogen sources and nutrient broth (Difco) prepared at a concentration of 8 g/liter. Cultivation procedures were as described elsewhere (9) .
Assay procedures. Threonine deaminase (TD), acetohydroxy acid synthetase (AHAS), and ,B-isopropylmalate dehydrogenase (IPMD) were measured for the parent strain (CU2001) and two mutants (CU2587, CU2601) grown under identical conditions in unsupplemented and amino acid-supplemented minimal medium. All samples used in preparation of crude extracts were taken from exponential-phase cultures. Differential rates of enzyme synthesis were determined by measuring the biosynthetic enzyme activities of four samples (200 ml) of the growing cultures. The initial samples were removed when a Klett reading of 100 was reached, using the blue (no. 42) filter in a Klett-Summerson colorimeter. Additional samples were removed at intervals approximating half-mass increments. Cultures were grown in triple baffled shaker flasks, using a New Brunswick rotary shaker-water bath at 37 C. Each 200-ml sample was transferred immediately to 20 ml of a mixture of chloramphenicol (2 mg/ml) and sodium azide (13 mg/ml) in a 300-ml centrifuge bottle in an ice bath to halt protein synthesis. In all of the following steps the preparations were kept cold and 0.1 mM isoleucine was added, when not present during growth, to all such samples to stabilize TD activity. Cells were subsequently centrifuged at 8,000 rpm for 10 min in a Sorvall Model RC-2 refrigerated centrifuge using a GSA rotor at 4 C and washed twice with 1/10 volume of phosphate buffer (pH 8.0, 0.05 M potassium phosphate, 0.12 mM L-isoleucine). The samples were resuspended in the same buffer at a ratio of 1:8 (cells:buffer) for preparation of crude extracts. Cells in suspension were disrupted by sonic oscillation using a Branson sonifier (Heat Systems, Inc.). Crude extracts were clarified by centrifugation at 15,000 rpm for 20 min at 4 C. Protein was determined by the biuret method (8) ; and the activities of TD, AHAS, and IPMD were measured in all samples according to previously described procedures (10, 12, 13) .
The assays for aminoacyl-tRNA synthetases were performed by use of the "4C-labeled amino acid attachment assay as previously described (3). For these assays, the extract preparation and determination of protein content were performed by previously described procedures (3 The valine-and trifluoroleucine-resistant mutant, strain CU2601, exhibited about 25-fold derepression of the leuO-controlled enzyme, IPMD, and the AHAS, but a slight repression of the ilvO-controlled TD. The leucine-mediated derepression of TD exhibited by the other two strains was also exhibited by CU2601, but the strain was generally more refractory to repression of all three enzymes when all of the branched-chain amino acids were present during growth. Thus, response to the signal(s) for repression of synthesis of the branched-chain amino acid biosynthetic enzymes appeared to be altered in both mutant strains.
Specific activities of the aminoacyl-tRNA synthetases. It was desirable to ascertain whether the activity of any of the branchedchain aminoacyl-tRNA synthetases had been altered in either of these mutants. Decreased activity of the synthetases could conceivably account for some of the observed alterations in repression control of the biosynthetic enzymes. Therefore the isoleucyl-, valyl-, and leucyltRNA synthetase activities were examined in the extracts of the parent and both mutant strains. These strains were cultured under two kinds of repressing conditions (minimal medium supplemented with excess branched-chain amino acids, or nutrient broth). Histidyl-tRNA synthetase activity served as the control. The results are shown in Table 3 . The control values of histidyl-TRNA synthetase activity were essentially the same in all three strains under both conditions of cultivation. The general pattern observed was a higher specific activity of all three synthetases for the branched-chain amino acids in the mutant strains than in the parent strain (Table 3 ). This response suggested that control of synthesis of the synthetases was altered in the mutants and that there was probably no defect in the function of these enzymes.
Differential rates of aminoacyl-tRNA synthetase formation. Since the leucyl-tRNA synthetase in both mutants consistently demonstrated the highest increase over the parent strain specific activities, the involvement of leucine in the repression process was examined in more detail. As indicated by the data in Table 2 , the leucine-specific enzymes were derepressed in both mutants. Thus, this response is common in these otherwise differently behaving mutant strains. It was noted previously that leucine is singly responsible for normal repression of the leucyl-tRNA synthetase (9) . In view of these observations, it was considered necessary to determine the effect of leucine on the regulation of synthesis of the synthetases in these mutants. Therefore, the differential rates of synthesis of the three branched-chain amino acid synthetases were measured for the parent and both mutant strains grown in minimal medium and minimal medium supplemented with exogenous leucine. Figure 2 shows that the rate of synthesis of leucyl-tRNA synthetase in both mutants is higher than that of the parent strain under both conditions of growth. Simi-larly, valyl-tRNA synthetase formation in these mutants occurred at a much higher rate than that of the parent strain (Fig. 3) . Generally, the rate of isoleucyl-tRNA synthetase formation in the mutants was severalfold greater than that of the parent strain (Fig. 4) . Strain CU2601 displayed a particularly high rate of synthesis of the isoleucyl-tRNA synthetase during growth in minimal medium (Fig. 4) .
From the data in Fig. 2, 3 , and 4, it was apparent that regulation of synthesis of the isoleucyl-, valyl-, and leucyl-tRNA synthetases was altered in these mutant strains. To examine more fully the nature of the altered repression control, we measured the differential rates of synthesis of these enzymes in response to various combinations of branched-chain amino acid supplements to minimal medium, as had been done (Table 2) for the biosynthetic enzymes. Table 4 provides a summary of the data obtained from such experiments. As indicated above, the synthetases showed markedly higher rates of synthesis in the mutants than did the parent strain CU2001. This observation holds for each growth condition. It was apparent that supplementation of minimal medium with the branched-chain amino acids generally lowered the rate of synthesis of these synthetases in the parent strain CU2001. Under the same conditions, however, all three synthetases in the mutants were synthesized at faster rates in response to supplementation of minimal medium with the branched-chain amino acids. These results are quite in discord with the normal pattern of regulation of the branchedchain aminoacyl-tRNA synthetases in E. coli and S. typhimurium (9) . Thus, under all growth conditions in which repression of synthesis of these enzymes would be expected to occur normally, the mutant strains CU2587 and CU2601 display derepressed rates of synthesis (Table 4) .
Growth rates and excretion properties. No difference between the growth rates of the mutants in minimal and in supplemented media was observed. However, strain CU2601 did appear to be somewhat sensitive to growth inhibition by the singular addition of exogenous leucine. Strains CU2587 and CU2601 yield excretion products as a consequence of the altered regulation of biosynthesis in each strain. Both mutants excreted a product, presumably leucine, that fed an auxotrophic mutant of S. typhimurium in which the leu operon was deleted. Strain CU2601 also excreted a product that inhibited growth of strain K-12, and supported growth of an isoleucine-valine auxotroph of E. coli when added in combination with isoleucine. This excretion product was, very likely, valine or a valine precursor. Its excretion was strong in strain CU2601 but weak in CU2587. These excretion properties could conceivably account for the analogue resistance properties of these mutants. The resistance to ketomycin that was displayed by strain CU2587 was not related to a defective transaminase, which was reported to cause ketomycin resistance in another mutant isolate (7) . Further, no evidence of cross-relatedness between strains CU2587 and CU2601 has been observed with respect to resistance properties. Strain CU2601 remained sensitive to ketomycin, and strain CU2587 remained sensitive to valine. DISCUSSION These data present clear evidence for altered repression control of synthesis of both the branched-chain amino acid biosynthetic enzymes and the cognate tRNA synthetases in two analogue-resistant mutants. None of the patterns of altered control of formation of the biosynthetic enzymes is conceivably sufficient to account for the altered regulation of synthetase formation. Likewise, the alteration in repression control of synthesis of these synthetases would not account for the altered repression control of isoleucine, valine, and leucine biosynthesis.
The excretion properties that are displayed by these mutants may result directly as a consequence of the regulatory mutations that affect enzyme synthesis. Alternatively, permease-type mutations could readily account for amino acid excretion. Although we have not ruled out the possibility of permease mutations being present, clearly the regulatory alterations observed cannot be attributed solely to demonstrated consequences of altered permeases. Owing to the method of selection of these mutants, we presume them to be single-site mutations. Preliminary genetic evidence indicates that the two mutations occupy separate and distinct sites of the E. coli chromosome and do not involve the structural genes for any of the three synthetases nor the ilv and leu operons. If the assumption is correct that these mutations involve only one locus in each mutant, then it would appear that both loci affect the repression control of the biosynthetic enzymes as well as that of the synthetases specific for isoleucine, valine, and leucine. Such controlling elements could be altered to result in an excessive repression signal as well as a deficient repression signal for the two classes of enzymes. The response of the isoleucine-valine biosynthetic enzymes in strain CU2587 might exemplify the excessive repression signal, and the response of these enzymes in strain CU2601 would represent a deficient repression signal. However, in each case, this altered control of synthesis of the biosynthetic enzymes is accompanied by an increased rate of formation of the three synthetases. Thus, we suggest that one or more regulatory loci exist for the control of formation of both classes of these enzymes in E. coli.
Thus, for repression control of synthesis of the branched-chain amino acids, the end-product amino acids somehow involved with the cognate synthetases and/or tRNAs, and this postulated regulatory element are needed. For the branched-chain aminoacyl-tRNA synthetases, we have shown that repression of synthesis of these enzymes is dependent upon the supply of the cognate amino acids (9) . In addition, we have recently obtained data which suggest an involvement of the aminoacylated tRNAs (tRNAVa', tRNALeu, and tRNAIle) for repression of synthesis of these synthetases (unpublished results). Therefore, this common regulatory element(s) might have been altered in mutant strain CU2587 to generate an excessive repression signal for the synthesis of the isoleucinevaline biosynthetic enzymes by a deficient repression signal for the synthesis of the leucine biosynthetic enzymes and the three branchedchain tRNA synthetases. On the other hand, an alteration in this regulatory element(s) in mutant strain CU2601 may have caused a deficient repression signal (leading to derepression) of synthesis of both the biosynthetic enzymes and the cognate tRNA synthetases. Among several possibilities, we are conducting experiments to determine whether these mutants possess alterations in the cognate tRNAs (content and/or aminoacylation capacity), with the assumption that these cognate tRNAs may have been the sites of alteration in these mutants. Such alterations might occur as a result of mutations at loci specifying either the nucleotide composition for tRNA or at loci specifying enzymes involved in the maturation of tRNA as has been found for the histidine biosynthetic system of S. typhimurium (11) .
